A transition from metal-like double-layer capacitive charging to redox-like charging was observed in electrochemical ensemble Coulomb staircase experiments on solutions of gold nanoparticles of varied core size. The monodisperse gold nanoparticles are stabilized by short-chain alkanethiolate monolayers and have 8 to 38 kilodaltons core mass (1.1 to 1.9 nanometers in diameter). Larger cores display Coulomb staircase responses consistent with double-layer charging of metal-electrolyte interfaces, whereas smaller core nanoparticles exhibit redox chemical character, including a large central gap. The change in behavior is consistent with new near-infrared spectroscopic data showing an emerging gap between the highest occupied and lowest unoccupied orbitals of 0.4 to 0.9 electron volt.
Nanoparticles of metals and semiconductors have sparked intense interest (1) in anticipation that this unexplored range of materials dimensions will yield size-dependent optical, electronic, and chemical properties suitable for applications in optoelectronic nanodevices, catalysts, and chemical sensors (2-4). Among known preparations of nanoparticles (5) (6) (7) (8) , recent attention has focused on alkanethiolate monolayer-protected metal clusters (MPCs). Gold MPCs in particular are quite stable and can be prepared with average core diameters of 1.1 to 5 nm. Electrochemical studies have demonstrated that Au MPCs are equivalent to diffusing, nanometer-sized electrodes (9) and can provide electrocatalytic advantages (10) . Further, room-temperature solutions of MPCs with monodisperse cores display an electrochemical "ensemble Coulomb staircase" (11), a behavior anticipated and explained based on the sub-attofarad doublelayer capacitances (C CLU ) of diffusing, nanometer-sized 28-kD metallic Au particles coated with a monolayer (hexanethiolate, C6) dielectric. Analogous staircase phenomena have been reported, using nanometersized electrodes (12) .
We aim to further understand electrochemical ensemble Coulomb staircases by varying the monodisperse core mass in Au MPC solutions from 8 to 38 kD (core diameters of 1.1 to 1.9 nm). The double-layer capacitive charging seen for larger core sizes changes for smaller MPC core sizes to a molecular redox-like behavior. That is, over a certain range of core sizes, electron orbital-shell effects or pairing effects, or both, begin to dominate, changing the cluster capacitance from one determined by electrostatic processes to one more dominated by bonding interactions.
Coulomb staircases for nanoparticles are usually observed as tunneling currents through a single nanoparticle addressed by a tip probe (Fig. 1A) , that undergo stepwise increments with increasing tip-substrate bias (V) (13, 14) . A model accounting for junction capacitances in a double tunnel-junction circuit (Fig. 1A) predicts that current increments occur at critical voltage biases (V C )
where Z is integral nanoparticle charge, e the electron charge, C capacitance of the more resistive junction, and Q O a fraction associated with tip-substrate work function differences. Coulomb staircase charging is normally observed at low temperatures because of the requirement that the stepwise charging energy (E C ϭ e 2 /C) greatly exceeds thermal energy, k B T, where k B is Boltzmann's constant and T is temperature. Equation 1 predicts that if C is constant, consecutive charging steps should occur at a regular spacing ⌬V C ϭ e/C. e/C CLU spacings summarized in Fig. 2 . The MPCs reach and depart the electrode/solution interface by diffusion, so that the sizes of the current peaks are determined by a series of interfacial electron-transfer and diffusional ("Warburg") impedances (Fig.  1B) . A very large number of MPCs become charged during each DPV peak, being those forming the diffusion layer around the electrode, hence our use (11) of the term "ensemble staircase."
The DPV peak spacings for the larger MPC core sizes (22, 28 , and 38 kD) differ from those of the smaller ones (8 and 14 kD). Figure 2 shows that the central ⌬V C spacings [solid brackets, peaks spanning E ϭ 0 V where Z is nearest zero (16) ] are similar (0.32 to 0.40 V) for the larger core sizes and correspond to C CLU ϭ 0.4 to 0.5 aF/cluster, or 3 to 4 F/cm 2 when normalized for estimated Au core surface areas (A CLU ). These values are similar to capacitances (C DL ) of macroscopic alkanethiolate monolayer-coated Au(111) surfaces (17) and to average C DL 's of polydisperse MPC solutions (9) . Also, the ⌬V C spacings for the larger core MPCs (Fig. 2 ) decrease slightly at more positive and negative E, as expected for doublelayer capacitances. Thus, the DPV results for the larger MPC core sizes in (18)] are much larger than the central ⌬V C spacings of the larger core MPCs. They are also much larger than the ⌬V C spacings seen at more positive and negative E, for both small-and large-core MPCs (Fig. 2, dotted brackets) . Further, only minor changes in C CLU are expected from changes in A CLU , based on consideration of the concentric sphere capacitance model (9) and given the similarities of core radii to monolayer dielectric thicknesses. The qualitatively different voltammetric behavior of the 8-and 14-kD MPCs is highly reminiscent of redox transformations known for Pt-carbonyl clusters [Pt n (CO) m , n ϭ 24, 26, and 38] (19) . Thus, the results in Fig. 1 , C and D, and Fig. 2 show, within a series of MPCs of nominally constant architecture and composition, a transition from classical metal-like double-layer charging to that resembling electrochemical charging of an electroactive molecule.
The core-size dependent change in Fig.  1 , C and D, and Fig. 2 suggest the emergence of a significantly quantized electronlevel structure, including, for example, the appearance of a substantial gap between the highest occupied and lowest unoccupied orbitals (HOMO-LUMO) in the neutral (or as obtained) clusters. Such a gap should also be manifest in their optical spectroscopic responses, which are shown in Fig. 3 for three of the above MPCs, along with (for comparison) a larger MPC (66 kD, ϳ2.2 nm) and bulk (colloidal) Au. The response function ε 2 (imaginary part of the complex dielectric function) reflects the density and strength of optical transitions at each transition energy and shows several strong trends with decreasing MPC core size: (i) enhanced strength in the near-infrared region (Ͻ1.8 eV), (ii) the appearance of discrete or band-like spectral features, and (iii) an increasing "gap" energy, reflecting primarily the HOMO-LUMO gap, below which (in contrast to the -3 divergence of bulk Au) the optical response vanishes. For the 28-kD MPC, the gap is no greater than 0.4 eV (the smallest energy for which the functions are reliable), but the 14-and 8-kD MPCs exhibit larger gaps, estimated as 0.6 and nearly 0.9 eV, respectively. These gaps are reasonable in terms of the electronic structure of Au clusters, which have all of the gross characteristics of the bulk bands for clusters with more than 20 atoms (20) , assuming that clusters with closed electron shells are preferentially formed and isolated. The differences between the spectroscopic gaps and electrochemical ⌬V C values (0.74 and 1.2 eV, respectively) for the 14-and 8-kD cores are explicable considering that the spectroscopic values are estimated as band edges, whereas the ⌬V C results are taken at the DPV peak maxima, not their edges. A similar electrochemical/orbital-energy correlation has been found for Pt-carbonyl clusters (19) and also for C 76 fullerene (21) and La@C 82 metallofullerene (22) , but in those cases, no higher homologs were available to observe the transition to the double-layer capacitive charging that occurs for the larger Au MPCs.
That the DPV peaks of Fig. 1 , C and D, all correspond to 1e -transfers is supported by double potential step chronocoulometry of a C4, 28-kD MPC solution. Figure 4 shows charge-time results from stepping E from its rest value (approximately -0.1 V versus a Ag/AgCl electrode) by ⌬E to the valleys between successive DPV peaks ( 
The back potential step equation has an analogous time dependence (23) and the same slope terms. Calculating C CLU from the slope S F of the smallest forward ⌬E step (-0.103 V 7 0.200 V) chronocoulometric plot in Fig. 4 gives a value (0.55 aF) close to that obtained from the central ⌬V C spacing (0.50 aF) in DPV, as expected for both being 1e -transfers. That the other DPV peaks are also 1e -transfers is shown by Fig.  4 , in that the slopes of forward and back plots change by integral multiples of those (S F , and S R , respectively) of the smallest ⌬E step (-0.103 V 7 0.200 V, assuming constant C CLU ) as ⌬E is incremented across successive charging peaks.
Finally, although the analogy between electrochemical ensemble and classical Coulomb staircase charging is strong, there are differences worth noting. (i) Their equivalent circuits differ as shown in Fig. 1, A and B, the principal reason being that the electrochemical currents are controlled by MPC diffusion. (The equivalent circuits would be more alike were the MPCs attached as a monolayer to the electrode.) (ii) The capacitance (C CLU ) that determines ⌬V C spacings in the electrochemical case is that of the entire MPC surface, whereas capacitance in the classical experiment (Fig. 1A) is determined by the two junction contacts. (iii) The electrochemical case involves an ensemble of MPCs (as opposed to a single nanoparticle in Fig. 1A) , so that macroscopic transport relations can be used to describe their voltammetry, as illustrated in Fig. 4. ( iv) It is difficult to conceive of a fractionally charged MPC in solution, so there is no analogy in electrochemical ensemble charging to Q O in Eq. 1.
Solution-phase electrochemical ensemble Coulomb staircase charging has also been observed in experiments performed on arylthiolated Au MPCs, so our results may be forerunners of a general phenomenon. In addition, because the staircase behavior is closely related to MPC core electronic energy structure, it may aid understanding of other nanophase properties, such as the metal-insulator transition of Ag nanoparticles upon compression (24) . Finally, although differences in fundamental properties reside in the metal-like and molecule-like charging behaviors, we anticipate that their electrochemical, thermodynamic, and kinetic properties will, upon further study, prove to fit within a common formal representation. eV; (e) 8 kD, ϳ0.9 eV. These curves were derived from a dispersion analysis (Kramers-Kronig relation) of the optical absorbance spectra, across the 0.2 to 6.4 eV range, of dilute solutions at room temperature. Absorbances at lower energies were obtained by extrapolating measured spectra and those in the far UV by assuming convergence to bulk Au values. Dielectric functions ( 1 and 2 ) of the (assumed spherical) nanoparticles were computed from absorption coefficients and calculated index of refraction using a model of the effective dielectric constants for the nanoparticle-medium composite (Mie theory), as was done in (8) . Materials that generate large mechanical actuation induced by external stimuli including electric field, temperature, and stress have attracted a great deal of attention in recent years. The development goals include achieving a large range of motion with high precision and speed, high strain energy density to generate large forces, and a low fatigue rate for a long lifetime and high reliability. Although there are several active materials currently available, there are few that come close to meeting all of these goals. For instance, piezoceramic and magnetostrictive materials, although they have low hysteresis and fast speed, have low strain levels (ϳ0.1%) (1, 2). Shape memory alloys generate high strain and high force but are often associated with large hysteresis and very slow speed (3).
Ferroelectric polymers, because they are easily processed, cheap, lightweight, and conform to complicated shapes and surfaces, have been studied for nearly three decades for applications in electromechanical devices (4, 5) . However, the low strain level (ϳ0.1%) and strain energy density of current ferroelectric polymers have severely limited their usefulness in these applications. It should be noted that there is an important class of phenomena that has not been exploited in ferroelectric polymers for electromechanical applications: the large lattice strain and large dimensional change associated with phase transformations in these materials. One such example is poly-(vinylidene fluoride), PVDF, and its random copolymer with trifluoroethylene, P(VDF-TrFE), which are the best known and most widely used ferroelectric polymers (4, 5) . PVDF and its copolymer P(VDFTrFE) are semicrystalline polymers that have a morphology of crystallites in an amorphous surrounding. With proper sample treatments a ferroelectric phase (␤ phase, which has an all-trans conformation as shown in Fig. 1 ) can be induced in these polymers in the crystalline region (6) . In compositions of P(VDF-TrFE) copolymers that exhibit a ferroelectric-paraelectric (F-P) transition (conversion of all-trans chains to a mixture of trans and gauche bonds), large lattice strains and sample dimensional changes (ϳ10%) have been observed in x-ray diffraction and thermal expansion experiments (6) (7) (8) . One drawback of this large strain associated with the transition is the large hysteresis (6) (7) (8) .
It is well known that the existence of hysteresis in ferroelectric materials is due to the energy barrier when switching from one polarization direction to another or when transforming from one phase to another. In ferroelectric ceramic materials, the energy barrier can be significantly reduced or eliminated by reduction of the size of coherent polarization regions to a nanometer scale (9) . In P(VDF-TrFE) copolymers, one possible approach to achieve this result (reduction of the size of all-trans conformation regions) is to introduce defects into the polymer chains. This may be accomplished with high-energy radiation. The influence of high-energy electrons and gamma irradiation on the dielectric and structural prop- 
